Noncellular and cellular in vitro models for predicting intestinal absorption were used to investigate the transport and metabolism of parabens. The biomimetic artificial membrane permeability assay (BAMPA) membrane was constructed by impregnating a lipid solution on a hydrophobic filter. Caco-2 cells at passage numbers 65 to 80 were cultured in either the accelerated 3-day Biocoat™ system or the standard 21-day Transwell™ cell culture system. Paraben transport across the BAMPA system showed a parabolic relationship. The lowest log P (p-hydroxybenzoic acid) and highest log P compounds (heptyl and octyl parabens) had apparent permeabilities (Papp) less than 1.0 × 10 -6 cm/s and Papp was maximal at approximately 8.5 × 10 -6 cm/s for the intermediate log P (ethylparaben) compound. With the Biocoat™, a similar parabolic relationship was found. In the 21-day Caco-2 cells, the parabens were metabolized by esterases at to p-hydroxybenzoic acid. In conclusion, the in vitro models added complementary insight into the absorption process, such as the transport route, intrinsic permeability, and extent of metabolism of the parabens. This study indicated that presystemic metabolism of orally ingested parabens to the p-hydroxybenzoic acid in the intestine may limit systemic exposure to alkyl-paraben esters in vivo. (Journal of Biomolecular Screening 2007:84-91) 
INTRODUCTION
P ARABENS ARE A HOMOLOGOUS SERIES of preservatives commonly used in the food, cosmetic, and pharmaceutical industries. They are a derivative of hydroxybenzoic acid esterified at the C-4 position: the group includes methyl, ethyl, propyl, butyl, heptyl, and octyl parabens ( Fig. 1) . Some of the major food uses include cakes, pastries, soft drinks, and fruit juices. The E numbers of the most commonly used methyl, ethyl, and propyl parabens are E218, E214, and E216, respectively. One or more parabens are used in more than 13,200 cosmetics, 1 including lipsticks. Pharmaceutical uses include capsule shells 2 and microbiologically vulnerable formulations. A critical review 3 has currently negated allegations that parabens, due to their weak estrogenic activity, might modulate or disrupt the endocrine system, and the compounds have been deemed safe to use.
The Select Committee on GRAS Substances (SCOGS) reported that parabens (methyl and propyl) are rapidly absorbed from the gastrointestinal tract in rats, rabbits, dogs, cats, and humans. 4 The SCOGS report also stated that most, but probably not all, of the ingested parabens were metabolized in the liver and kidney to p-hydroxybenzoic acid (p-HBA) and conjugated, with the conjugates excreted in the urine. When methylparaben was administered to rabbits, 39% of the administered dose was excreted as the free p-HBA, whereas the rest appeared as glycine (15%), glucuronic acid (ester 7% and ether 15%), and sulfuric acid (10%) conjugates of p-HBA. 5, 6 Apparent permeability in Caco-2 cells can be used to predict absorption from the gastrointestinal tract in man. 7, 8 In preliminary experiments, Caco-2 cell monolayers were used to investigate the intestinal permeability of parabens in vitro. The main metabolite of parabens, p-HBA (Fig. 1) , was found to be concomitantly generated and transported with the parent paraben. To the best of our knowledge, there have been no reports of presystemic metabolism of parabens occurring in the intestine, and it is generally reported that parabens are hydrolyzed enzymatically by kidney and hepatic esterases. 9, 10 The objective of this work was to compare the performance of 3 complimentary in vitro oral xenobiotic absorption models. First, the biomimetic artificial membrane permeability assay (BAMPA), which can provide an evaluation of paraben permeability in the absence of enzymatic activity, was used. BAMPA is a rapid in vitro technique for measuring transmembrane permeation, where the composition of the lipid membrane is modified to mimic the intestinal brush-border membrane. 11, 12 Second, the standard 21-day Caco-2 cell culture system was used. Caco-2 cells have become an accepted model for the intestinal epithelium and possess a wide range of enzymatic activity, 13 including esterases that metabolize ester prodrugs. Examples of such activity include the metabolism and permeability of bis(pivaloyloxymethyl)-ester, a prodrug of the antiviral agent 9-(2-phosphonylmethoxyethyl) adenine, 14 and prednisolone acetate, a lipophilic prodrug of prednisolone. 15 Finally, as an alternative to the standard 21-day Caco-2 cell monolayer system, the newer short-term culture Biocoat™ system was used. Biocoat™ can provide a ready-to-use confluent Caco-2 cell monolayer with an adequate formation of tight junctions in just 3 days. 16 Thus, Biocoat™ offers the advantage of less culture time, but the cell layers are less well characterized.
When the transport of propyl and octyl parabens across Caco-2 cells was studied and compared to oral administration in man, 17 the Caco-2 data did not support the human data. This work investigated the transport and metabolism and illustrates the merits and limitations of each of the in vitro models used to evaluate the permeability of this homologous series of metabolically labile compounds.
MATERIALS

Synthetic membrane
Cholesterol, phosphatidylcholine, phosphatidylethanolamine, phosphatidylserine, and 1,7-octadiene were purchased from Sigma-Aldrich (Dorset, UK). Phosphatidylinositol was purchased from Fluka (Dorset, UK). Multiscreen plates were purchased from Millipore (Watford, UK).
Caco-2 cell culture
Caco-2 cells were obtained from ATCC (Rockville, MD) and used from passage 65. Dulbecco's modified Eagle's medium (DMEM), fetal bovine serum (FBS), nonessential amino acids, Lglutamine, 0.25% trypsin, 0.2% EDTA, gentamicin (50 mg/mL), Hanks' Balanced Salt Solution (HBSS), and 4-(2-hydroxyethyl) piperazine-1-ethanesulfonic acid (HEPES) were purchased from Sigma-Aldrich. Transwell™ 12-well plates (polycarbonate) were obtained from Corning Costar Corporation (Buckinghamshire, UK) and cell culture apparatus, 162-cm 2 flasks (Leicestershire, UK). BD Biocoat™ HTS Caco-2 Assay system plates were purchased from BD Biosciences (Oxford, UK), with reagents ready to use. 
METHODS
Test solutions
Test solutions for permeability experiments were prepared in DMSO and diluted in transport medium (HBSS); the final paraben concentration was 100 µM (MP-BP) and 50 µM (HP and OP) in 1% v/v DMSO. To study metabolism in cell homogenates, stock solutions of methylparaben in pH 7.4 phosphate buffer 1% v/v DMSO were spiked into cell homogenate to provide a final concentration of 100 µM.
BAMPA permeability experiments
To measure permeability by BAMPA, the acceptor plate of a multiscreen plate was filled with 0.3 mL of HBSS containing 1% v/v DMSO. The filter of the donor plate was impregnated with 10 µL of a membrane mix of phospholipids, which reflects that of the brush border of the gastrointestinal tract 18 : cholesterol 1% w/v, phosphatidylcholine 0.8% w/v, phosphatidylethanolamine 0.8% w/v, phosphatidylinositol 0.2% w/v, and phosphatidylserine 0.2% w/v in 1,7-octadiene. Immediately after the filter was impregnated with the membrane mix, the donor wells were filled with 0.3 mL of test solution. The donor plate was placed on top of the acceptor plate so that there was liquid contact between the buffer in the acceptor plate and the membrane filter. This construct was placed in a plastic box together with some wetted tissue to minimize evaporation. This system was stirred using an orbital shaker at 50 rpm. The plates were incubated for 16 h. At 16 h, samples from the donor and acceptor wells and initial working concentrations were transferred to a 96-well UV plate. Absorbance was measured between 230 and 510 nm using a Tecan Safire II plate reader (Dorset, UK).
Caco-2 cell culture
Caco-2 cells (passages 65-80) were grown in 162-cm 2 cell culture flasks and subcultured weekly on achieving nearconfluence by a 1:5 split. Cell culture growth medium was DMEM supplemented with 10% v/v fetal bovine serum, 1% v/v L-glutamine, 1% v/v nonessential amino acids, and 0.1% v/v gentamicin. Cells were grown in a humidified environment in an atmosphere of 5% CO 2 : air at 37 °C. Medium was changed every 2 to 3 days.
Standard 21-day Caco-2 monolayers
For permeability studies, the cells were seeded at a density of 2 × 10 5 cells/well on Transwell™ polycarbonate cell culture supports. These cells were provided with fresh growth medium 3 times a week until the time of use. The cells were used on day 21 of culture. The growth medium was removed, and preheated transport medium (HBSS supplemented with 10 mM HEPES) at 37 °C was added, 0.5 mL to the apical side and 1.5 mL to the basolateral side. This was repeated twice to wash the cell monolayer.
Biocoat™ 3-day monolayers
For the Biocoat™ 3-day system, Caco-2 cells were seeded at 2 × 10 5 cells/well in Basal Seeding Medium containing MITO+ Serum Extender onto Biocoat™ Fibrillar Collagen cell culture inserts and incubated for 24 h. Medium was changed to Entero-STIM Differentiation Medium supplemented with MITO+ Serum Extender and incubated for 48 h. At this time, cells were rinsed twice in transport buffer before permeability experiments were performed.
Caco-2 cell permeability experiments
For absorptive permeability, transport was initiated by adding 0.4 mL (3-day cultures; Biocoat™) or 0.5 mL (21-day cultures) of the test solution to the apical chamber (donor chamber) of inserts bathed with 1.0 (3-day cultures; Biocoat™) or 1.5 mL (21-day cultures) of transport medium in the basolateral chamber (receiver chamber). For secretory permeability, transport was initiated by adding 1.0 (3-day cultures; Biocoat™) or 1.5 mL (21-day cultures) of the test solution to the basolateral chamber (donor chamber) of wells with 0.4 (3-day cultures; Biocoat™) or 0.5 mL (21-day cultures) of transport medium in the apical chamber (receiver chamber). Samples (100 µL) were withdrawn from the receiver chamber at 0, 20, 40, 60, 90, and 120 min and from the donor chamber at 0 and 120 min. The volume withdrawn was replaced with fresh transport medium. Paraben concentration was measured by high-performance liquid chromatography (HPLC).
For permeability experiments with a carboxylesterase inhibitor, the experiments were conducted as described above with the addition of 300 µM BNPP in the test and transport medium.
All experiments were performed at 37 °C. The plates were stirred using an orbital shaker rotated at 50 rpm. The integrity of the monolayer was confirmed by taking transepithelial electrical readings (TEER) before and after the experiment and by measuring the permeability of the paracellular marker compound 14 C-mannitol. For analysis, radiolabeled samples (100 µL) were added to 10 mL of StarScint scintillation cocktail, and the 14 C isotope was quantified using a Beckman Coulter LS6000TA (Buckinghamshire, UK), counting for 4 min per sample.
Paraben hydrolysis in Caco-2 cell homogenates
Caco-2 cells were cultured to confluence in 162-cm 2 flasks and harvested by scraping into 1 mL of buffer solution at day 10. The homogenate was separated into different fractions by purification of the brush-border membrane by a method adapted from that reported by Schmitz and coworkers. 19 Briefly, solid CaCl 2 was added with stirring (10 min) to a final concentration of 10 mM to the homogenate in buffer (50 mM mannitol-2 mM Tris). The Ca 2+ -treated homogenate was centrifuged at 2000 g for 10 min at 4 °C. The pellet (fraction 1) was resuspended for further analysis and the clear supernatant further centrifuged at 20,000 g for 15 min at 4 °C to yield a small brownish pellet (fraction 2) containing the brush-border fragments and the final supernatant (fraction 3). Each fraction was assayed for protein concentration by Bradford's assay, isocitrate dehydrogenase was used as a marker for mitochondria, alkaline phosphatase was used as a microvillus membrane marker, and glucose-6-phosphatase activity was used as a microsomal marker. The substrate concentration dependency was studied at pH 7.4 for 1 h using 100 µM paraben solutions with 1 mg protein/mL. Unfractionated homogenates of Caco-2 cells grown as Biocoat™ 3-day and standard 21-day monolayers were also prepared and used to compare the hydrolytic activity of these cultures using 100 µM methylparabens as a substrate.
Confocal microscopy
Cells were washed in 10 mL phosphate-buffered saline (PBS) and fixed for 10 min using 3.7% (v/v) paraformaldehyde in PBS at room temperature. The cells were then washed with 10 mL PBS and exposed to 0.1% (v/v) Triton X 100 with 0.5% (v/v) FBS in PBS for 60 min. The cells were washed again with 10 mL PBS, and then 50 mM ammonium acetate in PBS was added for 10 min. After washing with a further 10 mL PBS, cells were incubated at 37 °C with CellTrace™ calcein green acetoxymethyl (AM; Molecular Probes, Cambridge, UK) for 60 min and then finally washed with 10 mL PBS. The Transwell™ cell culture support membrane (both Biocoat™ 3-day and standard 21-day) was cut from the plastic support and mounted on a microscope slide in 10% (w/v) glycerol and sealed. Slides were stored at 4 °C and viewed the following day. The cell layers were viewed using a Leica SP1 confocal microscope (Leica Microsystems, Milton Keynes, UK).
HPLC analysis of p-hydroxybenzoates
Quantification of p-HBA, MP, EP, PP, BP, HP, and OP was achieved using an HPLC system equipped with a HP 1050 modular liquid chromatography system with a multiwavelength detector. A reversed-phase Hypersil ODS C 18 
Data analysis
The percentage transported at the end of the experiment of each paraben and any metabolite was calculated according to the following equation:
where R is the cumulative total of appearance of compound in the receiver chamber (µmoles) in 2 h, D is the amount of drug applied in the donor chamber (µmoles), and A is the surface area of the BAMPA membrane or Transwell culture support (cm 2 ).
Statistical data analyses were performed using analysis of variance (ANOVA) with SPSS 11.0; significant differences were accepted when p < 0.05.
RESULTS
The 3-and 21-day Caco-2 systems had equivalent TEER when used for experiments, 611.6 ± 39.8 and 591.5 ± 90 Ω cm 2 , respectively. TEER stayed within ±10% of the initial value over the course of the experiments and remained > 500 Ω cm 2 . Apparent permeability (Papp) of mannitol was equivalent in 3and 21-day systems (range, 0.70-1.11 × 10 -6 cm/sec). TEER and permeabilities were typical of those reported for the Caco-2 cell line. 13 Recovery of mannitol in permeability experiments was > 95% in all instances.
Transport of p-hydroxybenzoic acid and the parabens
Absorptive (apical to basolateral) transport of the compounds in the 3 permeability models was compared (Fig. 2) . The transport rate of the compounds across the BAMPA system showed a parabolic relationship with lipophilicity. The flux of the lowest log P compound (p-HBA) and highest log P compounds (HP and OP) were < 2%/cm 2 /2 h, whereas the maximum transported (intermediate log P, EP) was > 20%/cm 2 /2 h. For the 3-day Caco-2 monolayers, a similar parabolic relationship was found; no p-HBA was detected in the receiver chamber after 2 h, and the amount of paraben transported decreased from MP (~88%/cm 2 /2 h) to BP (~74%/cm 2 /2 h). No HP or OP was detected in the receiver chamber after 2 h.
For the 21-day Caco-2 monolayers, the amount of p-HBA, MP, or EP transported was low (< 10%/cm 2 /2 h). This value increased up to BP (> 28%/cm 2 /2 h), then declined with very little (< 2%/cm 2 /2 h) HP and OP transported. When the amount of metabolite and paraben transport was combined, the parabolic relationship of the transport rate with log P was restored, with a maximum combined transport rate of 80%/cm 2 /2 h for MP.
The transport rate over 2 h was also measured in the basolateral to apical (secretory) direction for each compound in the 2 Caco-2 systems studied ( Fig. 3) . Similar profiles to those in the absorptive direction were observed.
Addition of the carboxylesterase inhibitor BNPP to transport experiments prevented hydrolysis of the parabens to p-HBA. Under these conditions, the apparent permeabilities in the absorptive and secretory directions were equivalent for p-HBA and each paraben (p > 0.05), indicating a passive diffusive transport mechanism. The parabolic relationship of permeability with lipophilicity shown in Figure 2 was evident in the presence of the esterase inhibitor. The flux of the lowest log P compound (p-HBA) and highest log P compounds (HP and OP) was < 2 × 10 -6 cm/sec, whereas the maximum Papp (intermediate log P, EP) was > 30 × 10 -6 cm/sec.
Metabolism of parabens to p-hydroxybenzoic acid
At the end of the Caco-2 experiments, the recovery of the metabolite from each chamber in the apical-to-basolateral and basolateral-to-apical transport directions was determined ( Fig. 4) . Interestingly, the amounts of metabolite in the basolateral chamber were approximately 2 to 4 times greater than those in the apical chamber for all parabens, irrespective of the direction of transport (i.e., both when the basolateral chamber was used as the receiver and donor chamber). For both absorptive and secretory transport, the total amount of metabolite produced in the Transwell™ system decreased with increasing aliphatic chain length.
Caco-2 cell homogenates were fractionated to determine the location of the paraben-metabolizing activity. Marker enzymes for the subcellular fractions showed enrichment of glucose-6phosphatase activity in the microsomal fraction, enrichment of alkaline phosphatase activity in the microvillus membrane fraction 2, and enrichment of isocitrate dehydrogenase activity in the mitochondrial fraction ( Table 1) . The microsomal fraction showed the highest level of hydrolytic activity against MP, with an enrichment factor of 5.1 compared to the homogenate activity (42.4 µmol/h/mg protein). Lower activities were found in the membrane and mitochondrial fractions.
The metabolic capacity of homogenates of Caco-2 cells cultured as 3-day and 21-day monolayers was compared. MP (100 µM) was hydrolyzed to p-HBA: 26.3 ± 4.7 µmol/h/mg protein by the 3-day Biocoat™ culture homogenates and 217.9 ± 6.3 µmol/h/mg protein by the 21-day culture homogenates (n = 3 wells). The higher esterase activity in 21-day monolayers was supported by their markedly greater capacity to hydrolyze the AM ester of CellTrace™ calcein green AM to produce greenfluorescent calcein. Confocal microscopy revealed an intracellular location of esterase activity and much greater intensity of green staining in the 21-day Caco-2 monolayers (Fig. 5) .
DISCUSSION
When a standard Caco-2 model was used (21 days for cells to be fully differentiated), extensive metabolism was found to occur. This would explain the low permeabilities and recoveries reported previously 17 as presystemic metabolism represents an unexplored aspect of paraben research.
In the absence of any metabolism in the noncellular BAMPA model, parabens permeability showed a parabolic curve over the range of lipophilicity of the compounds. This relationship is a classic bell-shaped curve. 20, 21 This model allowed for passive transmembrane transport in the absence of paracellular and active transport pathways. The permeability of p-HBA was lower than would be expected from it's log P, probably due to the fact it is a weak acid and ionized at pH 7.4; therefore, it would not partition readily into lipid environments, such as cell membranes, leading to low permeability. 22, 23 In the 3-day Caco-2 cell monolayers, metabolism was not detected during absorptive transport. When the amount of paraben and its metabolite transported were added together, the permeability-log P relationship showed the classic bellshaped curve found with the BAMPA model. For the 3-day monolayer, the same profile for paraben transport was observed because of the low levels of metabolism. The combined transport of the paraben and its metabolite was greater in the cellular models than the synthetic model. No hydrolysis of the parabens in the experimental system occurred in the absence of Caco-2 cells or in the presence of the organophosphate carboxylesterase inhibitor bis-(p-nitrophenyl) phosphate. Permeability studies conducted using the inhibitor suggested a passive transport mechanism, confirmed the parabolic permeability-log P relationship for parabens in Caco-2 cells, and demonstrated the higher flux in the cellular model compared to the BAMPA model.
Markedly lower hydrolysis of the parabens was found in the 3-day compared to the 21-day culture system. In the transport experiments, differences in extent of p-HBA formation during absorptive and secretory transport suggest an interplay between the transport route and the localization of the metabolizing enzymes (esterases). In Caco-2 cell homogenate, esterase activity was concentrated in the microsomal fractions, indicating an intracellular localization for the majority of esterase activity. High esterase activity has been reported in standard Caco-2 cell cultures; 15 the reported K m of 483 µM for esterase activity was in excess of the 100 µM substrate concentration used in this study, making it unlikely that drug-metabolizing enzymes were saturated in our studies. The extent of hydrolysis was reduced as the alkyl chain length increased, and this was the major determinant in the amount of intact paraben transported. This mirrors findings in human skin, in which methylparaben is preferentially hydrolyzed compared to parabens of increasing alkyl chain length. 24 Lower metabolite formation in the 3-day Caco-2 monolayers compared to the standard 21-day system suggests that the metabolic capacity of these cells is limited. The hydrolytic activity of the cell homogenates grown on the 21-day system was more than 8 times greater than that of those grown on the 3-day Biocoat™ system, probably because the cells are not fully differentiated at this stage in culture. Incubation of the Caco-2 cells with CellTrace™ calcein green AM confirmed the intracellular location of the esterase activity and markedly higher expression in the 21-day cultures. The low levels of p-HBA that were recovered in 3-day cultures were predominantly from the apical chamber, irrespective of the direction of transport, suggesting that the membrane-bound esterases are expressed before the intracellular ones. It has been reported previously that accelerated 3-day Biocoat™ system monolayers are less differentiated and that the special growth and feeding medium used in the Biocoat™ system allows formation of the monolayer 25 but insufficient time for complete enzyme/transporter expression. Lower expression levels of several transporters, including P-glycoprotein 26 and hPEPT1, 27 have been reported.
The disposition of paraben and metabolites in the 21-day Caco-2 cell monolayer system suggests the intracellular conversion of transcellularly transported parabens to p-HBA, followed by p-HBA efflux from the cell (Fig. 6) . This mechanism has been proposed for the transport and metabolism of O-cyclopropane carboxylic acid ester prodrugs of various β-blocking agents through Caco-2 cells. 28 The basolateral chamber accumulation of p-HBA may indicate the active transport of p-HBA generated within the cell via an active transport mechanism such as the monocarboxylic acid transporter (MCT). Certain phenolic acids are transported by MCT. 29 The key components of a substrate for MCT are thought to be a monoanionic carboxylic acid group and a nonpolar side chain or aromatic hydrophobic moiety, all of which are possessed by p-HBA (Fig. 1) . The absorptive and secretory permeability of exogenous p-HBA in Caco-2 cells was equivalent and much lower than the appearance of p-HBA in the receiver chamber following metabolism from parabens. MCT efflux of p-HBA at the basolateral membrane would explain the higher levels of p-HBA found in the basolateral chamber. The 3 models have been compared before 30 : BAMPA was found to be an adequate model for screening a large number of compounds, whereas compounds of confirmed interest should be analyzed in the 21-day Caco-2 model. In this study, the use of all 3 models has provided a greater understanding of the transport of a metabolically labile homologous series of compounds. Each model had its own advantages: BAMPA-no cells, easily adaptable; 3-day Caco-2 cells-quick while providing some mechanistic data; and 21-day Caco-2 cells-most realistic data.
Disadvantages were also noted: BAMPA-not biologically representative of what occurs in man; 3-day Caco-2 cells-lack of enzyme/transporter expression; and 21-day Caco-2 cells-slow and time-consuming. None of the models was truly predictive of absorption for the most lipophilic compounds, heptyl and octyl parabens (log P 5.16 and 5.69, respectively). When compounds log P > 4.0 are being investigated, specific modifications to the system for studying lipophilic compounds are required.
This study showed how different permeability data were obtained when the various models were employed and demonstrates that care should be exercised to select an in vitro model to predict drug absorption that is suitable for the compound under investigation. The BAMPA and 3-day Caco-2 models could be used for screening studies, and 21-day Caco-2 model could be used for more physiological assessments. The data from this study indicate that presystemic metabolism of orally ingested parabens is likely to limit the availability of parabens to the systemic circulation.
FIG. 6.
A proposed mechanism for the transport and metabolism of p-hydroxybenzoic acid (p-HBA) and the parabens in the Caco-2 cells, where the presence of intracellular esterases hydrolyzes the parabens to p-HBA, which is then transported out of the cell via the monocarboxylic acid transporter (MCT) located on the basolateral membrane.
